DC-based therapeutic vaccines as a promising strategy against chronic infections and cancer have been validated in several clinical trials. However, DC-based vaccines are complex and require many in vitro manipulations, which makes this a personalized and expensive therapeutic approach. In contrast, DNA-based vaccines have many practical advantages including simplicity, low cost of manufacturing and potent immunogenicity already proven in non-human primates and humans. In this study, we explored whether DC-based vaccines can be simplified by the addition of plasmid DNA as prime or boost to achieve robust CD8-mediated immune responses. We compared the cellular immunity induced in BALB/c and C57BL/6 mice by DC vaccines, loaded either with peptides or optimized SIV Env DNA, and plasmid DNA-based vaccines delivered by electroporation (EP). We found that mature DC loaded with peptides (P-mDC) induced the highest CD8 C T cell responses in both strains of mice, but those responses were significantly higher in the C57BL/6 model. A heterologous prime-boost strategy (P-DC prime-DNA boost) induced CD8 C T cell responses similar to those obtained by the P-DC vaccine. Importantly, this strategy elicited robust polyfunctional T cells as well as highest antigen-specific central memory CD8C T cells in C57BL/6 mice, suggesting long-term memory responses. These results indicate that a DC-based vaccine in combination with DNA in a heterologous DC prime-DNA boost strategy has potential as a repeatedly administered vaccine.
Introduction
Dendritic cells (DC), the most potent antigen-presenting cells (APC), are uniquely positioned as sentinels to detect 'danger signals' and to link the innate and adaptive immunity. 1 DC process antigens and migrate to the secondary lymphoid organs to initiate adaptive immune responses. Different approaches to deliver tumor-associated or viral antigens to DC have been explored, and currently several monocyte-derived DC (mo-DC)-based therapeutic vaccines against cancer and infectious diseases are being tested in the clinic [reviewed in [2] [3] [4] [5] [6] [7] ]. DC-based vaccines are complex and expensive due to the need of DC isolation and in vitro culture for several days. DNA vaccines are an alternative vaccine platform that can be repeatedly administered. The efficacy of DNA vaccines has been improved through gene optimization, formulation, and innovative delivery technology, especially in vivo electroporation (EP) [reviewed in 8, 9 ]. We and others have shown that HIV DNA vaccines administered via the intramuscular route using in vivo EP induce strong cellular and humoral immune responses in murine and non-human primate animal models [reviewed in 8, [10] [11] [12] ]. In addition, recent clinical trials indicate that HIV DNA vaccines can induce strong immune responses in humans [HVTN 080 13 ]. Some studies comparing DC and DNA-based vaccines showed that DC-based vaccines are more immunogenic in mice. 14, 15 Other studies showed that strategies combining DC and DNA-based vaccines in heterologous prime-boost regimens 16, 17 resulted in enhanced cellular immunity compared to DNA only vaccination, 16, 17 but these studies did not use EP for efficient DNA delivery. In this report, using BALB/c and C57BL/6 mice and SIV Env as immunogen, we have compared the antigen-specific CD8 C T cell responses induced by different vaccine regimens, including DNA electroporated DCs (D-DC), peptide pulsed DC (P-DC), EP delivered DNA vaccine, and 2 heterologous prime-boost strategies (DC prime-DNA boost or DNA prime-DC boost). Our results indicate that the DC maturation/activation status determines the potency of DC-based vaccines. The DC prime-DNA boost strategy not only was as efficient in inducing CD8
C T cell responses as DC-based vaccines alone, but it also induced a higher frequency of antigenspecific central memory CD8
C T (CD8 C Tcm) cells, suggesting that this protocol is superior in inducing long-term memory and, therefore, could provide extended protection.
Results
Cellular immune responses stimulated in vitro by DNA electroporated DC (D-DC) or peptide-pulsed DC (P-DC)
Immature and mature DC (iDC and mDC) derived from BALB/c and C57BL/6 mice were transfected by the optimized nucleofection procedure 18 with plasmid DNA encoding enhanced green fluorescent protein (eGFP). Flow cytometry analysis of GFP expression demonstrated high transfection efficiency in DC from both types of mice (63% and 50% in iDC, and 39% and 30% in mDC from BALB/c and C57BL/6 mice, respectively) (Fig. 1A) .
Because iDC showed higher transfection efficiency, iDC electroporated with DNA encoding SIVmac239 gp160 Env (D-iDC) were used to stimulate cellular responses from splenocytes isolated from SIV gp160 DNA immunized mice. Splenocytes cultured together with iDC loaded with gp160 peptide pool (P-iDC) or splenocytes stimulated with peptides in the absence of DC were included as positive controls. Both D-iDC and P-iDC stimulated SIV-specific cellular immune responses to a level comparable to peptide-stimulated splenocytes (Fig. 1B) .
Although the responses obtained with the D-iDC were slightly lower than those obtained with either P-iDC or peptides, the differences were not statistically significant. These results demonstrated that D-iDC efficiently expressed, processed and presented Env, resulting in the induction of cellular responses from the splenocytes.
Immune responses induced by DC and DNA-based vaccines in BALB/c and C57BL/6 mice Although the transfection efficiency was higher in iDC, it has been shown that increased DC maturation translates into enhanced immunogenicity and improved vaccine efficacy. [19] [20] [21] [22] To analyze the effect of DC maturation in the vaccine immunogenicity, we immunized BALB/c mice with SIV Env based D-iDC, D-mDC, P-iDC, or P-mDC and compared the vaccine-induced cellular immunity with the responses elicited by vaccination with only plasmid DNA. The animals were immunized twice at a 4-week interval and the vaccine-induced cellular responses were analyzed in splenocytes isolated 2 weeks after the 2 nd vaccination ( Fig. 2A) . All vaccine regimens induced significant levels of Env-specific CD8 C T cells, but the highest cellular responses were obtained upon vaccination with P-mDC and plasmid DNA (0.59% and 0.53% of CD8 C T cells, respectively). These data indicate that the P-mDC and DNA vaccines are more potent than iDC or D-mDC in inducing CD8 C T cell responses in BALB/c mice. Next, the immune responses induced by these vaccination protocols were compared in C57BL/6 mice. All vaccine regimens induced Env-specific CD8 C T cell responses that were significantly higher than those induced in BALB/c mice (Fig. 2B) . The highest responses (9.6% of total CD8 C T cells) were obtained upon immunization with P-mDC, whereas immunization with either P-iDC or DNA induced intermediate levels of antigen-specific cellular responses (»1.4-1.8% of CD8 C T cells) and the lowest levels were found in mice immunized with D-mDC.
Taken together, these results demonstrate that mature DC were more efficient than immature DC in stimulating cell-mediated responses in vivo in both mouse strains. Despite the use of DNA combined with EP as delivery method, we noted that PmDC was as efficient (BALB/c mice) or superior (C57BL/6 mice) to DNA vaccination in inducing high levels of cellular responses. These data further point to immunological differences among these mouse strains.
DC from C57BL/6 mice acquire a more mature phenotype than those from BALB/c mice DC from C57BL/6 mice induced significantly higher cellular immune responses than those from BALB/c mice (see Fig. 2 ).
Therefore, we asked whether the maturation/activation status of the bone marrow derived DC is different between the 2 mouse strains. We found that CpG stimulation increased the levels of CD40 without significantly affecting the expression of CD80, CD86, MHC II or CCR7 on DC from BALB/c mice (Fig. 3A , upper panels). In contrast, CpG stimulation resulted in larger increase in CD40 expression as well as in a significant up-regulation of MHC-II and CCR7 on DC from C57BL/6 mice ( Fig. 3A, lower panels) . These results indicate that DC from C57BL/6 mice have a more mature phenotype than DC from BALB/c mice, suggesting that the maturation/activation status of DC obtained in vitro from bone marrow cells may determine the in vivo efficacy of DC-based vaccines.
We also analyzed by flow cytometry the ex vivo phenotype of DC from BALB/c and C57BL/6 mice obtained from inguinal lymph nodes. We found consistently higher expression levels for CD40, CD80, CD86 and CD62L in DC from C57BL/6 mice compared to BALB/c mice (Fig. 3B) . The results from these ex vivo analyses are consistent with those obtained using bone marrow derived DC (Fig. 3A) , and suggest that C57BL/6 mice harbor DC that naturally express higher levels of co-stimulatory molecules, which implies that they could be more efficient in stimulating adaptive immune responses. For this reason, the C57BL/6 model was selected for the subsequent immunization experiments.
DC prime-DNA boost strategy enhances the potency of DNA vaccine in C57BL/6 mice
In an effort to improve the magnitude of vaccine-induced cellular immunity, we tested heterologous prime-boost strategies (DC prime-DNA boost and DNA prime-DC boost). P-mDC was selected as vaccine because this platform induced the highest responses (Fig. 2) . C57BL/6 mice were immunized twice at a 4-week interval (Fig. 4A) and the presence of antigen-specific IFN-g C CD8 C T cells was monitored in splenocytes collected 2 weeks after the 2 nd immunization by flow cytometry. We found that the P-mDC prime-DNA boost regimen was as efficient in inducing CD8
C T cell responses as the PmDC only vaccine platform (Fig. 4B) , and these responses were higher than those induced by either DNA only or the DNA prime-P-mDC boost regimen. DNA prime-P-mDC boost was more immunogenic than DNA only vaccination, and PmDC used as either prime or boost improved the immunogenicity of the DNA vaccine in C57BL/6 mice. Taken together, the P-mDC prime-DNA boost strategy is a very efficient vaccine regimen and provides the advantage of eliminating the second DC administration.
We also examined whether the heterologous prime-boost strategies altered the polyfunctionality of the antigen-specific T cells. Splenocytes stimulated overnight with Env peptides were monitored for cytokine (IFN-g and TNF-a) production as well as degranulation (CD107a) by flow cytometry. The level of the antigen-specific T cells with 3 functions was significantly higher upon vaccination with P-mDC only or with PmDC prime-DNA boost compared to vaccination with DNA only or DNA www.tandfonline.comprime-P-mDC boost (Fig. 4C) . We also observed that regimens containing a P-mDC boost (P-mDC/P-mDC and DNA/PmDC) had a bigger impact in the recruitment of CD8 C T cells with 3 functions, indicating that boosting with P-mDC elicits more efficient polyfunctional CD8 responses. These results demonstrate that the polyfunctional responses induced by DNA only vaccine could be improved by combining DNA and P-mDC in heterologous prime-boost regimens in C57BL/6 mice. P-mDC prime -DNA boost induces high frequency of antigen-specific central memory CD8
C T cells in C57BL/6 mice It has been shown that heterologous DNA prime-DC boost vaccination results in enhanced memory T cell responses. 17 Here, we investigated whether any of the vaccine regimens tested in C57BL/6 mice, including the 2 heterologous prime-boost regimens, were able to induce antigen-specific CD8 C central memory T (Tcm) cells. The effector/memory phenotype of CD8 C T cells from spleens of immunized mice was characterized with CD62L and CD44 antibodies 23 (Fig. 5) . As expected, the frequency of central memory T cells in the general CD8 C population was similar in all the experimental groups (data not shown), but the different vaccine platforms showed distinct efficiencies in inducing Env-specific CD8 C Tcm lymphocytes. P-mDC prime-DNA boost elicited the highest level of IFN-g C CD8 C Tcm cells (»4% of the CM subset were Env-specific) and these levels were significantly higher than those induced by P-mDC only, DNA only or DNA prime-P-mDC boost regimens. Furthermore, most of the Env-specific CD8 C Tcm cells expressed both IFN-g and TNF-a (data not shown). These results showed that the P-mDC prime-DNA boost regimen has the ability to induce CD8 C Tcm cells, suggesting that this strategy may be useful for the induction of long-term cellular immune responses.
Discussion
In this study, we analyzed the properties of bone marrow derived dendritic cells, and compared their ability to elicit cellular immune responses under different vaccination regimens that included plasmid DNA. The main focus of these experiments was the induction of CD8 C T cell responses that could be beneficial in immune therapeutic interventions against cancer and chronic infections; we did not monitor T helper responses or vaccine-induced humoral immunity. Experiments performed in both BALB/c and C57BL/6 mice demonstrated that mature DC were more efficient than immature DC in the induction of antigen-specific CD8 cellular responses. Similarly, peptide loaded DC were more potent than DNA loaded DC in eliciting cellular immunity, which may be related to the lower viability and impaired DC survival after electroporation.
We found that the CD8 C T cell responses induced by all the vaccine strategies were systematically higher in C57BL/6 mice than in BALB/c mice. Several features of the DC phenotype in C57BL/6 mice suggest that they could be more efficient in eliciting adaptive cellular responses than DC from BALB/c mice. For instance, higher CD62L and CCR7 expression in DC from C57BL/6 mice indicate that these cells may be able to home more efficiently into secondary lymphoid organs, and higher levels of the co-stimulatory molecules CD40 and CD86 may provide better secondary signals to T cells in the immunological synapse. It has been shown that the maturation/activation status determines the potency of DC-based vaccines. 26, 27 Upon maturation, DC increase the expression of MHC and co-stimulatory molecules to provide antigen-specific and antigen-non-specific signals for T cell activation, respectively. 28 In addition, the increased production of IL-12 preferentially induces CTL-dominated Th1 responses. 29, 30 Upon treatment with CpG or other TLR ligands, bone marrow derived DC from BALB/c mice did not up-regulate the expression of CD80, CD86, MHC II or CCR7, while these treatments significantly increased the expression of these markers on DC from C57BL/6 mice. We also found in ex vivo experiments that DC from C57BL/6 mice displayed a more mature phenotype compared to DC from BALB/c mice. The expression levels of co-stimulatory molecules have been shown to be directly associated with the DC maturation/activation status which determines the DC ability to produce cytokines. 31 The more mature DC phenotype could be responsible for the higher magnitude of vaccine-induced CD8C T cell responses identified in C57BL/6 mice compared to BALB/c mice. The results suggest that the C57BL/6 mouse is the more appropriate model in vaccine studies where the induction of Th1 immunity is the desired outcome. Our results are consistent with other studies, which linked the magnitude of immune responses to the DC maturation phenotype. 26, 27 Taken together, our results suggest that in DC-based vaccine regimens the maturation/activation status of the cells should be carefully evaluated in order to induce optimal immune responses.
Prime-boost vaccination strategies, especially heterologous prime-boost modalities, can enhance immune responses. 9, 32 In this study, heterologous prime-boost strategies (DNA-DC or DC-DNA) were tested in C57BL/6 mice to enhance the potency of DNA and DC-based vaccines. The P-mDC prime-DNA boost protocol was as efficient as the P-mDC alone regimen in the induction of CD8 C T cell responses, but it was more efficient than DNA only-based vaccines. Importantly, the P-mDC prime-DNA boost protocol elicited higher levels of CD8 C Tcm responses than any other vaccine combination, suggesting that plasmid DNA is an efficient booster for DC-based priming, resulting in longer-lasting immunological memory.
In conclusion, our results indicate that the DC maturation/ activation status determines the efficacy of DC-based vaccines. Vaccination with DC from BALB/c mice elicits cellular responses similar to those obtained by DNA-based vaccines. In contrast, vaccination with DC from C57BL/6 mice induces higher cellmediated immunity than DNA-based vaccines, and this enhanced potency is linked to the more mature functional phenotype of the DC. P-mDC prime-DNA boost enhanced the potency of DNA and DC-based vaccines in C57BL/6 mice. Our results show that plasmid DNA can be efficiently combined with DC in a heterologous prime-boost regimen. This regimen can be administered repeatedly and, therefore, has great potential as a therapeutic vaccine in chronic infectious diseases and cancer.
Materials and Methods
Bone Marrow-derived DC Immature DC were obtained from bone marrow according to standard protocols. 33 Briefly, the femurs and tibias were removed from mice and, after soaking for 5 minutes in 70% ethanol, the epiphesis were cut off and the bone marrow cells were flushed out with RPMI-1640. After washing, the cells were resuspended in culture medium (RPMI-1640 supplemented with 10% heatinactivated fetal bovine serum (FBS), 100 units/ml penicillinstreptomycin, 2 mM L-glutamine, 50 mM 2-mercaptoethanol and 20 ng/ml Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF; PeproTech)) at a density of 10 6 cells/mL, transferred into 60 mm culture dishes, and incubated for 3 days at 37
C. On day 3, non-adherent cells were gently removed and fresh culture medium was added. On day 7, non-adherent cells (DC) were collected for phenotypic and functional analysis. Mature DC were generated by stimulating the cells at day 7 with 3 mg/ml CpG-ODN1826 (InvivoGen) for 12 hours.
Electroporation of DC DC were electroporated using the Amaxa Mouse Dendritic Cell Nucleofector Kit (Lonza). Briefly, 2X10
6 DC were resuspended in 100 ml of Nucleofector solution in the presence of 16 mg of plasmid DNA encoding SIVmac239 gp160 Env (plasmid 99S). 34, 35 The mixture was transferred to an Amaxa certified cuvette and electroporated with an Amaxa Nucleofector apparatus according to the manufacturer instructions. Following electroporation, 400 ml culture medium were added to the mixture and the cells were immediately transferred to a 24-well culture plate containing 500 ml prewarmed culture medium and incubated at 37 C in 5% CO2.
DC-splenocyte co-culture DC (10 6 ) were pulsed for 2 hours with a peptide pool (15-mer peptides overlapping by 11 aa) covering the complete SIVmac239 gp160 at a final concentration of 1 mg/ml for each peptide. After pulsing, the cells were washed and 10 5 DC were co-cultured with 2 £ 10 6 splenocytes from mice immunized with SIV Env DNA in complete RPMI. For the analysis of cellular responses, parallel splenocyte cultures were stimulated with a SIVmac239 gp160 peptide pool, or 10 5 Env DNA electroporated-DCs (D-DCs). Negative control cultures were also established by using non-electroporated DC, non-peptide pulsed DC or splenocytes cultured without peptide stimulation. Cells were incubated overnight in the presence of GolgiStop (monensin) (BD Biosciences) and the presence of antigen-specific T cells was monitored by intracellular staining for IFN-g followed by flow cytometry.
Immunization of mice with DNA and DC-based vaccines Female BALB/c and C57BL/6 mice (6-8 weeks of age) were obtained from Charles River Laboratories (Frederick, MD). The mice were housed at the Frederick National Laboratory for Cancer Research, Frederick, MD, in a temperature-controlled, lightcycled facility, and were cared for under the guidelines of the Frederick National Laboratory ACUC. For DNA immunization, mice received 10 mg of SIV gp160 Env DNA (99S) injected intramuscularly into the left and right quadriceps (5 mg/dose) followed by in vivo electroporation using the ELGEN Ò 1000 constant current electroporation 2-needle device with 27 g needles, 4 mm apart, applying voltage of 60 V and pulses twice, both of 60 ms duration (Inovio Pharmaceuticals, Blue Bell, PA USA). DC vaccination was performed by injecting 10 6 D-DC or P-DC intradermally into 2 sites on the back of the mice (0.5 million/ dose). The mice were immunized twice at 4 weeks interval with Env DNA only, DC-based vaccine only, or following a DNA-DC or DC-DNA prime/boost regimen. Two weeks after the second immunization, the mice were sacrificed and splenocytes were isolated for the measurement of cellular immune responses.
Cellular responses and flow cytometry
Cellular immune responses were measured in splenocytes (2 £ 10 6 cells/ml) stimulated overnight with the Env gp160 peptide pool (15-mer overlapping by 11 amino acids) in the presence of GolgiStop (monensin) (BD Biosciences) to prevent cytokine secretion as described. 36 For the monitoring of degranulation, a CD107a-PE-Cy7 antibody (BD Biosciences) was added to the cells immediately after adding the peptides. Cell surface staining was performed using the following antibody cocktail: CD3-AF700, CD4-PerCP, CD8-Pacific Blue, CD44-PE and CD62L-APC (BD Biosciences). After washing, the cells were fixed and permeabilized with the Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer instructions. Intracellular cytokine staining was performed using IFN-g-FITC and TNF-a-APCCy7 antibodies (BD Biosciences). After intracellular staining, the cells were washed twice with perm/wash buffer and the samples were acquired using an LSRII flow cytometer (BD Biosciences). Antigen-specific responses were determined by subtracting the values obtained from samples in the absence of peptide stimulation.
The DC phenotype was analyzed using the following antibody cocktail for cell surface staining: CD11c-AF700, CD40-APC, CD80-FITC, CD86-PE-Cy7, MHC II-PE and CCR7-PE-Cy7 (BD Biosciences). The samples were acquired with an LSRII flow cytometer (BD Biosciences) and the data were analyzed using the FlowJo platform (Tree Star, Inc.., Ashland, OR).
Statistical analysis
Statistical analyses were performed using GraphPad Software, Inc.. (version 6.0) using ANOVA and the Mann-Whitney test. A value of P < 0.05 was considered to be statistically significant.
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